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The pH of the ocean is being lowered by its uptake of an-
thropogenic atmospheric carbon dioxide (CO2), produced as
a result of combustion of fossil fuels and land use changes.
This acidification is especially pronounced in the surface
ocean, where the loadings of anthropogenic CO2 are greatest
because of the direct contact with the atmosphere. Much of
the work to date has tried to elucidate the biological and bio-
geochemical consequences of this surface ocean acidification
by carrying out studies in the laboratory. This paper gives an
overview of work carried out on a cruise in northwest Euro-
pean shelf seas in June and July 2011. The objectives of the
cruise were to study ocean acidification impacts by collecting
observations from the natural environment across carbonate
chemistry gradients, and by carrying out short-term (96 h)
bioassay CO2 perturbation experiments on natural popula-
tions. In both cases the aim was to enhance our understanding
of the impacts of ocean acidification through studies of the
natural world with as little artificiality as possible. Here we
give an overview of the conditions encountered during this
cruise and give a brief introduction to the individual studies
that were carried out and whose results are presented in the
separate papers in this special issue.
Background
At the time of writing, efforts to restrict emissions of CO2 to
the atmosphere (in order to limit global warming and ocean
acidification) have not been successful, and concentrations of
atmospheric CO2 are following or even exceeding the higher-
end scenarios of earlier ranges of projections (Leggett et
al., 1992). Atmospheric CO2 is currently about 40 % higher
than before the industrial revolution (having risen from 280
to 400 ppmv) as a result of large-scale anthropogenic emis-
sions, and surface ocean pHT (pH on the total pH scale)
is currently about 0.1 units lower than pre-industrial levels
(having fallen from an average of 8.2–8.1). It is projected
that, unless CO2 emissions are successfully curtailed in the
future, surface ocean pHT will decrease by a further 0.3 units
by the end of this century, to an average of about 7.8 in the
year 2100 (Gattuso et al., 2014; Representative Concentra-
tion Pathway 8.5), with further reductions to about 7.5 pos-
sible in succeeding centuries (Caldeira and Wickett, 2003).
A pHT reduction by 0.4 units corresponds to an increase of
130 %, i.e. more than a doubling, in the hydrogen ion con-
centration. While these changes to surface ocean pHT will
not make surface seawater technically acidic (because pHT
will not drop below 7.0, seawater will remain alkaline), the
rate of change of ocean pH has probably not been experi-
enced by marine ecosystems for tens of millions of years.
There is now a large international research effort underway
to attempt to understand the ecosystem and biogeochemical
consequences of these ongoing changes in pH.
In 2009, several UK organisations (see Acknowledge-
ments) agreed to fund a large programme to investigate the
impacts of ocean acidification, of which a major component
is a consortium studying the impacts of ocean acidification
on the surface ocean in particular. The aim of this surface
ocean consortium, the first results of which are reported in
this special issue, is to examine the impacts of the continuing
atmospheric CO2 rise on (1) marine organisms and ecosys-
tems, (2) the cycling of carbon and nutrients in the sea, and
(3) how the ocean interacts with the atmosphere to influence
climate. The consortium as a whole has therefore examined a
range of different possible impacts, including both the most
likely and also the potentially most important (even if less
likely) impacts of ocean acidification.
Our understanding of the impacts of ocean acidifica-
tion is mainly based on results of laboratory studies. This
was especially true at the time that the consortium’s work
was planned, and remains true today. While laboratory
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experiments are advantageous in the sense of tight control
over conditions and a high degree of replication, it is not al-
ways straightforward to know whether their results are ap-
plicable to the situation in the real world. The environmental
conditions in laboratory experiments are typically not very
realistic, organisms are grown in isolation (monocultures)
rather than interacting actively with the surrounding ecosys-
tem as occurs naturally, and timescales do not normally allow
for assessment of the possibility of evolutionary adaptation
to the imposed stressor (although see Collins and Bell, 2006;
Lohbeck et al., 2012). An example of the difficulty in extrap-
olating from laboratory experiments to the real world comes
from studies of the nitrogen fixer Trichodesmium. Early work
on this important nitrogen-fixing organism found that the
rate at which it fixes nitrogen is strongly stimulated by en-
hanced CO2 levels. Several studies all showed the same re-
sult (Barcelos e Ramos et al., 2007; Hutchins et al., 2007;
Levitan et al., 2007; Kranz et al., 2009; Lomas et al., 2012).
It appeared that a solid result had been obtained and that we
were progressing towards a robust and accurate understand-
ing of the effect of ocean acidification on nitrogen fixation.
However, the earlier studies had all been conducted at unre-
alistically high nutrient concentrations. Experiments at sea,
on natural plankton communities incubated at in situ nutrient
concentrations, did not observe the effect (Law et al., 2012).
A later laboratory experiment (Shi et al., 2012), carried out
this time under more realistic (limiting) iron concentrations,
obtained the opposite result, with higher CO2 leading to re-
duced nitrogen fixation. Care is therefore needed in extrapo-
lating from laboratory results to the real world.
Another important approach to understanding ocean acid-
ification impacts has been the use of mesocosm studies (e.g.
Riebesell et al., 2010), a number of which have been carried
out, mainly in European waters. These are much more realis-
tic than most laboratory experiments and have provided valu-
able information towards our understanding of ocean acidifi-
cation impacts. As with all other approaches, there are, how-
ever, limitations: they have been carried out mainly in coastal
areas rather than the open sea, and nutrient concentrations
were again not at natural levels for all experiments because
nutrients were added to stimulate growth in the earlier exper-
iments.
The sea surface consortium of the UK programme looked
to provide an alternative and complementary approach to pre-
vious work, trying to adopt a more natural and realistic ap-
proach by studying the surface ocean in situ. Firstly, obser-
vational data were analysed to investigate how organisms,
ecosystems and processes vary between places across nat-
ural carbonate chemistry gradients. Assuming that resident
organisms are evolutionarily adapted to local conditions, this
comparison of observational data should give insights into
the likely effects of ocean acidification as it occurs over cen-
turies, during which time natural selection and adaptation
may modify plankton in response to the ocean acidification.
A second approach was to conduct short-term bioassay CO2
Figure 1. Cruise track superimposed on a map of the bathymetry
of the study area (from the ETOPO5 data set). Locations of CTD
stations are shown with black circles. Locations of eight bioassay
experiments are shown with yellow stars.
perturbation experiments (see also Law et al., 2012; Tatters
et al., 2013) using natural seawater collected from the sur-
face of the sea and brought into a controlled laboratory on
the deck of the research ship. This natural unfiltered seawater
was subjected to various levels of CO2 that may occur in the
future, and the responses were measured. This large experi-
ment examined the effects of changing CO2 levels on real-
world samples collected out at sea.
Here we report results from studies on the first of three
cruises carried out by the sea surface consortium. This cruise
took place in June and July 2011 in northwest European shelf
seas (Fig. 1).
Shelf seas form the interface between the land and open
ocean, contain important ecosystems and play an important
role in the global biogeochemical cycles of carbon and nutri-
ents. Additional physical and biogeochemical processes op-
erate in shelf seas that are much less important in the open
ocean. The shelf seas feature enhanced nutrient inputs from
rivers and a greater importance of atmospheric and benthic
elemental exchanges due to their shallow depths (< 200 m).
They experience pronounced tidal mixing, as well as, in
many places, seasonal summer stratification due to density
changes as a result of solar heating (Simpson and Sharples,
2012). Shelf seas comprise only ca. 5 % of the global ocean
area, but are 3–4 times more productive than typical ocean
systems and support 15–20 % of global primary productiv-
ity (Simpson and Sharples, 2012). Shelf seas therefore play
a key role in the air–sea fluxes of greenhouse gases, with
ca. 29 % of the global air–sea CO2 flux occurring in these
systems (Chen and Borges, 2009). The biological carbon
and solubility pumps provide a net uptake of CO2 by shelf
seas with a subsequent export to the deep ocean (Thomas et
al., 2004). Shelf seas are considered a source of N2O through
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nitrification and denitrification, but this flux is poorly quan-
tified on a spatial and temporal basis (Bange, 2006). Shelf
seas provide important ecosystem services, supporting 90 %
of global fish catches (Pauly et al., 2002) and offering a mul-
titude of recreational opportunities.
The research cruise was conducted in the period 6 June–
9 July 2011 on RRS Discovery (cruise D366). The cruise
track followed during D366 is shown in Fig. 1, and covered
a distance of 4730 nautical miles. A total of 75 CTD casts
were conducted at 69 stations occupied in the period between
6 June and 7 July 2011 in European waters. We typically
occupied two stations per day, one pre-dawn and one close
to midday. In addition to the observational study, we con-
ducted eight biological CO2 incubation experiments using
surface waters incubated at target pCO2 levels of ambient,
550, 750 and 1000 µatm. The incubations were conducted in
a purpose-built laboratory container, featuring light and tem-
perature control.
Environmental conditions during the cruise
The route taken by the cruise was chosen in order to sam-
ple across a high degree of environmental and biological
variability, including areas with different pHT and carbon-
ate chemistry. In particular, two areas along the route (the
southern North Sea and the Irish Sea) are known to have
a fully mixed water column throughout the year, including
the summer, in contrast to the rest of the route (including
the northern North Sea, the Celtic Sea, the western English
Channel and the Bay of Biscay), where the water column
becomes stratified during the summer months (Simpson and
Sharples, 2012). Vertical profiles of temperature and salin-
ity collected during CTD casts confirmed this general pic-
ture (two example profiles are shown in Fig. 2). The back-
ground to Fig. 1 shows the bathymetry and the position of
the shelf break and slope dividing the continental shelf from
the deep ocean. The water depth of northwest European shelf
seas is typically shallower than 250 m, with the exception
of the Norwegian Trench, which extends to 700 m (Pingree
and Griffiths, 1978). The depths of the English Channel and
Celtic Sea increase towards the shelf edge with the Atlantic
Ocean. The depth of the North Sea increases from ca. 50 m
in the southern parts to ca. 150 m in the north. The Irish Sea
is typically less than 80 m deep in the eastern parts, with a
deeper (up to 250 m) north–south trough. The average tem-
perature of the surface waters during the month of June 2011,
as measured by satellite (Fig. 3), was 13.2 ◦C.
Our expectation, based on previous work (Thomas et
al., 2004), was that the distinction between stratified and non-
stratified waters along the route would lead to a variety of
carbonate chemistry conditions and a decoupling of the nor-
mally strong correlation between temperature and carbonate
chemistry. Analysis of our careful measurements of multi-
ple parameters of the carbonate chemistry system (see Ribas-
Figure 2. Two example depth profiles of temperature, salinity and
nitrate: (a) from station 19 in the western English Channel (15 June
2011; 50.029◦ N, 4.3795◦ W) with stratified water column, and
(b) from station 37 in the southern North Sea (26 June 2011;
52.995◦ N, 2.501◦ E) with a fully mixed water column. Open cir-
cles: temperature; open triangles: salinity; black squares: nitrate.
Ribas et al., 2014) confirmed both that the carbonate chem-
istry was measured accurately and that there was a consid-
erable variation in surface water carbonate chemistry along
the route (e.g. pHT between 8.03 and 8.20, saturation state
for aragonite between 2.0 and 3.0, and saturation state for
calcite between 3.2 and 4.7), as expected.
Surface water nutrient concentrations were low
([NO3]< 0.3 µmol L−1, [PO4] ≈ 0.2 µmol L−1 and
[SiO4] ≈ 0.4 µmol L−1) in the stratified shelf waters
(Celtic Sea, western English Channel and North Sea).
Sites at the shelf break had higher nutrient concentrations
([NO3] = 1.1–6.2 µmol L−1, [PO4] = 0.1–0.4 µmol L−1
and [SiO4] = 0.1–0.4 µmol L−1) compared to the strati-
fied shelf sites. Open ocean waters of the Bay of Biscay
showed [NO3] = 0.3–1.1 µmol L−1, [PO4]< 0.1 µmol L−1
and [SiO4] = 0.7–1.3 µmol L−1. The mixed waters had
quite different nutrient concentrations: the Irish Sea
was [NO3] = 0.3 µmol L−1, [PO4] = 0.14 µmol L−1
and [SiO4] = 0.45 µmol L−1; the southern North Sea
was [NO3] = 0.7 µmol L−1, [PO4] = 0.1 µmol L−1
and [SiO4] = 0.7 µmol L−1; and off Heligoland was
[NO3] = 4.3 µmol L−1, [PO4] = 0.1 µmol L−1 and
[SiO4] = 3.4 µmol L−1. Average mixed layer irradiance
(determined by integrating continuous measurements
of downwards irradiance down to the depth of the
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Figure 3. Aqua MODIS monthly composite image of sea surface
temperature (SST) across the study area in June 2011. SST at
4.63 km resolution is determined from mid-infrared radiation mea-
sured during night-time passes.
bottom of the surface mixed layer) varied from 9.4–
14.6 mol photons m−2 day−1 at shelf-break sites to 4.6–
17.3 mol photons m−2 day−1 at stratified shelf sites, with
7.3–8.6 mol photons m−2 day−1 at open ocean sites, and
3.0–3.3 mol photons m−2 day−1 at fully mixed sites (Poulton
et al., 2014).
The distribution of chlorophyll a pigment (an indicator of
overall phytoplankton abundance) in the study area during
the month of June is shown in Fig. 4, and demonstrates the
expected variability in biological conditions along the route.
Main results in this special issue
Five main bioassay experiments were carried out on the
cruise, during each of which about eighty 4.5 L bottles were
filled with seawater from the surface layer and subjected to
four different CO2 levels (ambient, 550, 750 and 1000 µatm)
through manipulation of the carbonate chemistry using bicar-
bonate and acid (Gattuso et al., 2010) before being sealed.
After 48 and 96 h, bottles were re-opened and the effects
of the different CO2 levels were investigated. Three addi-
tional bioassay experiments were carried out in which both
nutrients and CO2 were manipulated. For further details of
the bioassay methods see the paper by Richier et al. (2014).
These authors also report results on the effects of CO2 on
phytoplankton community structure and carbon cycling. Sta-
tistically robust results were obtained (because of the high
degree of replication), namely that higher CO2 levels inhib-
ited the growth of small (less than 10 µm in diameter) phyto-
plankton and led to larger carbonate chemistry changes by
phytoplankton processes, as predicted by theory, due to a re-
duction in the buffer capacity.
Figure 4. Aqua MODIS monthly composite satellite image of
chlorophyll concentration across the study area in June 2011.
A major reason for concern over ocean acidification has
been the theoretical prediction of strong ocean acidifica-
tion impacts on calcifying organisms, including, among the
plankton, coccolithophores. Several papers in the special is-
sue focus on this phytoplankton group. Poulton et al. (2014)
exploited the wide range of measurements made on the
cruise, including calcification and primary production rates,
environmental parameters, coccolithophore abundance and
species diversity, to investigate the factors that controlled cal-
cification rate in the bioassays and in situ in the environ-
ment. They observed a strong inhibitory effect of 750 µatm
CO2 on bulk calcification rate in two out of three bioassay
experiments, with light and water column structure impor-
tant in determining the rate of calcification per cell under
field conditions. Krueger-Hadfield et al. (2014) examined
the degree of genetic diversity within the coccolithophore
species Emiliania huxleyi, and considered what it means for
the prevalence of sexual versus asexual reproduction within
blooms. Their findings challenge current understanding, sug-
gesting that asexual reproduction is more important than pre-
viously suspected. A third paper on coccolithophores (Young
et al., 2014) examined the effect of CO2 level on coccol-
ithophore numbers and on coccolith morphology (coccol-
ith shape and calcite content). Coccoliths are the calcium
carbonate plates that coccolithophores synthesise and then
place in a covering around the cell. In the single bioassay ex-
periment where coccolithophores were most numerous and
growing most rapidly, there was a strong difference be-
tween the different CO2 levels, with reduced coccolithophore
growth seen in those experimental bottles at the highest
CO2 level. No effect was seen on coccolithophore morphol-
ogy. The abundance and assemblage composition of coccol-
ithophores in the field did not appear to be controlled by the
carbonate chemistry, with the major difference instead being
between shelf and off-shelf communities.
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Ocean acidification could potentially alter the nature of
marine carbon cycle if more dissolved organic carbon (DOC)
and/or transparent exopolymeric particles (TEPs) are pro-
duced at high CO2, if ocean acidification causes a greater
fraction of primary production to be ultimately channelled to
the dissolved phase rather than particles, or if a greater pro-
duction of “sticky” TEPs leads to increased flocculation and
export (Czerny et al., 2013; Engel et al., 2002, 2004). An
examination of DOC and TEP dynamics in the bioassay ex-
periments (MacGilchrist et al., 2014) found no evidence of
CO2 effects on DOC production, but clear indirect effects
were observed on TEP production, attributed to the effect
of CO2 on phytoplankton growth (Richier et al., 2014), al-
though these were found to be dependent on the environ-
mental setting. In one of the experiments, the variation of
the TEP production was the result of a direct effect of CO2,
as hypothesised by other studies, and linked to post-bloom
conditions.
Two further papers also looked at processes relevant
to climate impacts. Hopkins and Archer (2014) studied
ocean acidification impacts on the dimethyl sulfide (DMS)
and dimethyl sulfoniopropionate (DMSP) system, including
measurements of rates as well as standing stocks. They found
a consistent pattern of higher DMS and lower DMSP at high
CO2 in the bioassays, a different response from that seen in
previous mesocosm experiments. Clark et al. (2014) inves-
tigated effects on nitrogen cycling and N2O production, an
area of concern for ocean acidification because it is known
that a change in pH should lead to a change in the chemi-
cal balance between ammonium and ammonia. Despite this,
no clear effect of ocean acidification on ammonium oxida-
tion, nitrogen regeneration rates or N2O production could be
discerned.
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